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Introduction {#sec001}
============

In the general population, 12 to 15% of subjects develop kidney stones throughout their life span, with incidence rates that have steadily increased in recent years \[[@pone.0141477.ref001]--[@pone.0141477.ref004]\]. Acute ureteral obstruction and urinary colics from calculosis are therefore quite frequent. In addition, the management of renal and ureteral stones by extracorporeal shock wave lithotripsy (ESWL) and the subsequent expulsion of stone fragments are most often accompanied by colic pain \[[@pone.0141477.ref005]\]. These urinary colics are among the most frequent and intense forms of pain that a human being can experience. In addition to spontaneous pain, patients undergoing colics also develop marked muscular hyperalgesia in the area where the pain is perceived, which long outlasts the painful episodes \[[@pone.0141477.ref006],[@pone.0141477.ref007]\]. Treatment of pain symptoms from urinary calculosis with the available pharmacological compounds (Non-Steroidal Antiinflammatory Drugs-NSAIDs /classic spasmolytics / central analgesics) is very often unsatisfactory and there is an imperative need for new, more effective drugs able to fully control the symptomatology but also actively improve stone expulsion \[[@pone.0141477.ref008],[@pone.0141477.ref009]\]. Therefore, the understanding of the specific physiology of the ureteral muscle opens a new avenue of pharmacological treatment. Previous studies have shown that a combination treatment of NSAIDs with compounds acting on ureteral contraction, such as calcium channel blockers, Nitric Oxide-donors, inhibitors of phosphodiesterases and blockers of alpha1 adrenergic receptors, has some efficacy in colic pain from urinary calculosis \[[@pone.0141477.ref010]--[@pone.0141477.ref012]\]. Although the effects of alpha blockers are broadly investigated in preclinical and clinical studies, less is known about the impact of the Nitric Oxide (NO) / cyclic guanosine monophosphate (cGMP) / phosphodiesterase type 5 (PDE5) system on ureteral contractility, pain behaviour and stone expulsion. The NO/cGMP/PDE5 pathway can be pharmacologically influenced at the level of cGMP production by NO-donors or direct stimulation of the soluble guanylate cyclase (sGC) and at the level of cGMP degradation by inhibition of the PDE5. It is well accepted that phosphodiesterase type 5 inhibitors work on the lower urinary tract and PDE5 inhibitors are used as first line therapy for erectile dysfunction, but more recently the PDE5 inhibitors, namely sildenafil, vardenafil and tadalafil, were found to be effective for the treatment of benign prostatic syndrome (BPS), symptomatic benign prostatic hyperplasia (BPH) and lower urinary tract symptoms (LUTS) with the recent approval of tadalafil in these indications \[[@pone.0141477.ref013]--[@pone.0141477.ref016]\]. The mechanism of action is at least in part based on relaxation of smooth muscle cells in penile tissues but also prostatic, bladder and ureteral muscle \[[@pone.0141477.ref017],[@pone.0141477.ref018]\]. It has also been shown that PDEs are expressed in the rat, pig and human ureteral tissues and that PDE inhibitors could also influence ureteral contractility in vitro in organ bath experiments \[[@pone.0141477.ref019],[@pone.0141477.ref020]\]. However, due to the mode of action, the efficacy of PDE5 inhibitors is limited in conditions with low endogenous NO/cGMP supply, since they block cGMP degradation only. In contrast, the so-called sGC stimulators, which are a new class of compounds, can directly stimulate the cytosolic soluble guanylate cyclase (sGC) independently of endogenous NO levels \[[@pone.0141477.ref021]\]. Since these compounds are less NO-dependent, this may result in a higher efficacy compared to the PDE5 inhibitors. The effects of these compounds on the lower urinary tract are almost unknown and the role of this system for ureteral contractility is not yet clear. There is scarce *in vitro* evidence for the effects of PDE5 inhibitors and a complete lack of *in vivo* studies on the impact of sGC stimulators on ureteral function, especially for stone expulsion. In addition, so far nobody has focused on a direct comparison of PDE5 inhibitors with sGC stimulators for the treatment of ureteral colics. Most important, there is to our knowledge no study describing the overall symptomatic pain behaviour *in vivo* for these classes of compounds. In this study we therefore used a rat model of artificial ureteral calculosis set up by our group to test the effects of PDE5 inhibitors and sGC stimulators on colic pain and referred muscle hyperalgesia vs placebo and vs a classic spasmolytic (hyoscine-N-butylbromide)\[[@pone.0141477.ref022]\]. This model is particularly suitable for testing active compounds on urinary pain. Rats with an artificial stone in one ureter exhibit pain behaviours that mimic both the painful colic episodes and the referred muscle hyperalgesia experienced by humans \[[@pone.0141477.ref005]--[@pone.0141477.ref007],[@pone.0141477.ref023]\]. The spontaneous pain behaviour, monitored through continuous video-tape recordings for several days post-stone implantation, consists of multiple "ureteral pain crises" over 4 post-operative days. Pharmacologic validation of the nociceptive nature of these episodes is provided by their reduction upon administration of major analgesics (morphine, tramadol), NSAIDs (ketoprofen, metamizol) or classic spasmolytics (hyoscine-N-butylbromide) \[[@pone.0141477.ref022],[@pone.0141477.ref024]--[@pone.0141477.ref029]\]. The rats also show hyperalgesia of the obliquus externus muscle ipsilateral to the implanted ureter, revealed by a significant decrease in the vocalization threshold to electrical stimulation of the same muscle which starts on the first day after stone implantation, reaches a peak on the 2nd-3rd day, and persists for over a week. Number and global duration of ureteral crises are significantly and directly related to the extent of the muscle hyperalgesia. As already stated above, this validated animal model of artificial ureteral calculosis closely resembles the human condition of urinary colics from calculosis, as it reproduces not only the spontaneous pain perceived by patients, but also the referred muscle hyperalgesia, which is longlasting and has been shown to be correlated to the number of colics experienced \[[@pone.0141477.ref001],[@pone.0141477.ref006],[@pone.0141477.ref007]\]. As in humans, the "destiny" of the stone in implanted rats differs, as shown by autopsy findings at the end of the behavioural evaluation period; in some animals the stone appears to have been expelled, in others it has moved along the ureter, and in others it remains in the original position creating obstruction of the urinary tract. The percentage of stone expulsion can be influenced by the applied pharmacologic treatment \[[@pone.0141477.ref030]\]. For these reasons, in the present study we aimed at evaluating the effects of PDE5 inhibitors and sGC stimulators not only on the behaviour indicative of pain, but also on the destiny of the stone and stone expulsion rates.

In summary, the aim of the present study was to: (1) assess the phosphodiesterase 5 expression in the rat ureter, (2) directly compare the *in vitro* potency of the PDE5 inhibitors vardenafil and sildenafil and the sGC stimulator BAY 41--2272 on ureteral contractility and (3) test *in vivo* the effectiveness of the PDE5 inhibitor vardenafil and the sGC stimulator BAY 41--2272, vs the classic spasmolytic hyoscine-N-butylbromide, alone and in combination with ketoprofen (one of the most frequently employed NSAIDs for urinary colics), on behavioural indicators of urinary pain and on stone expulsion in rats with artificial ureteral calculosis. We showed here that the NO/cGMP/PDE5 pathway is involved in the regulation of ureteral contractility and pain behaviour in urinary calculosis suggesting that PDE5 inhibitors and sGC stimulators could become a potent new option for treatment of urinary colic pain either administered alone or in combination with other antinoceptive drugs.

Materials and Methods {#sec002}
=====================

Tissue sampling and PDE5 expression profiling {#sec003}
---------------------------------------------

Male and Female Sprague Dawley rats (n = 8) with a body weight between 200--250 g were used for tissue collecting. The rats were briefly anaesthetized with a mixture of 5% Isoflurane (Baxter S.A.) in a carrier with 70% N~2~O and 30% O~2~, and consecutively euthanized by decapitation. The abdomen was opened and the ureteral tissues quickly removed, frozen in liquid nitrogen, and stored until RNA preparation. Male penile tissue (corpus cavernosum) was obtained from the male Sprague Dawley rat group. Total RNA from ureter and corpus-cavernosum tissue was isolated using RNeasy mini columns (Qiagen Inc.) and further purified by DNase digestion.

### PDE-5 mRNA quantification {#sec004}

Gene expression profiling was done with a standard semiquantitative RT-PCR protocol using total RNA, as described previously \[[@pone.0141477.ref031]\]. In brief: the mRNA expression of PDE-5 was measured by real time quantitative PCR (TaqMan-PCR) using an ABI Prism 7700 sequence detection instrument (Applied Biosystems, Inc.). After isolation of total RNA as described above, 1 μg of total RNA was transcribed into cDNA with Superscript II RT cDNA synthesis kit (Gibco, Inc). The sequences of forward and reverse primers (designed by Primer Express 1.5 Software, Applied Biosystems, Inc.) were `5‘-ttgacggatctggagacgct-3‘` and `5‘-caccacgatggtccaaatca-3‘`, respectively. The fluorogenic probe used was `5‘-6FAM-cgattgctgatggccgctttaagcc-TAMRA-3`'. During PCR amplification, 5' nucleolytic activity of Taq polymerase cleaves the probe separating the 5' reporter fluorescent dye from the 3' quencher dye. The threshold cycle, Ct, which correlates inversely with the target mRNA level, was measured as the cycle number at which the reporter fluorescent emission increases 10 standard deviations above background level. As housekeeping gene, beta-actin was quantified as described above, using `5′-accttcaacaccccagcca-3′` as forward primer and `5′-cagtggtacgaccagaggca-3′` as reverse primer. The PDE-5 mRNA levels, expressed as Ct, were set in relation to Ct of beta-actin which was defined as relative expression.

Contractility experiments on isolated rat ureter {#sec005}
------------------------------------------------

Male Wistar rats (250--300 g) were anaesthetized with ether, and the ureter was removed and placed in ice-cold calcium-free Krebs-Henseleit (KH) buffer of the following composition (in mmol/l): NaCl 112, KCl 5.9, MgCl2 1.2, NaH2PO4 1.2, NaHCO3 25, and glucose 11.5.

For measurement of isometric tension, ring segments, 2 mm in length, were mounted in a small chamber myograph. Two wires (40 μm diameter) were introduced through the lumen of the segments and mounted according to the method described for blood vessels by Mulvany and Halpern (1977)\[[@pone.0141477.ref032]\]. The preparations were allowed to equilibrate for 30 min in calcium-free KH solution and stretched to a length where passive tension was about 0.5 mN/mm which, in preliminary experiments, seemed to be the optimal for active force. The oscillations of the ureter were induced by a high potassium (20 mmol/l KCl) KH buffer containing 2 mmol/l CaCl~2~ followed 20 min later by a supramaximal concentration of noradrenaline (10 μmol/l). If the oscillations were sustained for 25 min, the test compound was added to the myograph chamber and the recording continued for 25 min. The oscillations before and after application of vehicle (dimethyl sulfoxide: end concentration 0.01%) or the test compound were counted and the oscillation frequency (counts/min) was calculated. The effects of vehicle or compound were expressed as a percentage of the oscillation frequency before application of vehicle or compound (which was defined as 100%).

Behavioural Study {#sec006}
-----------------

### Experimental protocol {#sec007}

A total of 144 Female Sprague-Dawley rats (200--280 g) were used for the experiment, randomly assigned to 8 experimental groups of 18 each, for different treatments. The experimental groups were as follows:

1.  Placebo \[0.5% tylose, orally (p.o.), twice/day\]

2.  Ketoprofen (10 mg/kg/day in 0.5% tylose, p.o., divided in 2 administrations/day)

3.  Hyoscine-N-Butylbromide (15 mg/kg/day in 0.5% tylose, p.o., divided in 2 administrations/day)

4.  Vardenafil (PDE5 inhibitor) \[3 mg/kg/day in 0.5% tylose, p.o., divided in 2 administrations/day\]

5.  BAY 41--2272 (sGC stimulator) \[3 mg/kg/day in 0.5% tylose, p.o., divided in 2 administrations/day\]

6.  Ketoprofen + Hyoscine-N-Butylbromide \[10mg/kg/day + 15mg/kg/day, in 0.5% tylose, p.o., divided in 2 administrations/day)

7.  Ketoprofen + Vardenafil \[10 mg/kg/day + 3 mg/kg/day in 0.5% tylose, p.o., divided in 2 administrations/day)

8.  Ketoprofen + BAY 41--2272 \[10 mg/kg/day + 3 mg/kg/day in 0.5% tylose, p.o., divided in 2 administrations/day\].

The times of the 2 administrations/day were 9:30 a.m. and 7:30 p.m.

The protocol schedule was as follows:

-   On day -3, all rats were operated on under general pentobarbital anaesthesia (50mg/kg, i.p.) for implantation of muscle electrodes (for subsequent testing of muscle sensitivity): bipolar wire electrodes in the obliquus externus muscle of one side (left lumbar region, L1).

-   On days -2, -1 and 0, all rats underwent measurement of the vocalization threshold to electrical stimulation of the left oblique muscle, always at the same hour of day (9:00 a.m.).

-   On day 0, soon after muscle measurement, all rats underwent a second operation (pentobarbital anaesthesia) for stone formation in the left ureter.

-   On days +1,+2,+3,+4, they again underwent muscle vocalization threshold measurement. During this 4-day period, they were video-recorded non-stop for monitoring of ureteral pain crises.

-   On day +4, all rats were suppressed via an overdose of pentobarbital and underwent autopsy for evaluation of the urinary tract condition.

In all rats, treatment started on day 0, about 5 hours after the beginning of ureteral stone implantation, and continued up to day 4.

### Technique of muscle implantation {#sec008}

Under general pentobarbital anaesthesia, bipolar wire electrodes were implanted in the left obliquus externus muscle (lumbar region, L1). The isolated wires were passed under the skin towards the skull, where connectors were fixed into the parietal bones by means of small screws and dental cement, a procedure allowing electrical stimulation in the freely moving animals for vocalization threshold measurement on the subsequent days \[[@pone.0141477.ref022],[@pone.0141477.ref026]\].

### Technique of stone implantation {#sec009}

Under general pentobarbital anaesthesia, each rat underwent a vertical suprapubic incision; an artificial stone was formed in the upper third of the left ureter by injecting 0.02 ml of dental cement (while still fluid) in the lumen using a syringe with a 0.4 mm diameter needle, according to a technique already described in detail elsewhere \[[@pone.0141477.ref022],[@pone.0141477.ref024], [@pone.0141477.ref026],[@pone.0141477.ref027],[@pone.0141477.ref029],[@pone.0141477.ref033],[@pone.0141477.ref034]\].

### Assessment of spontaneous behaviour {#sec010}

The spontaneous pain behaviour was monitored through continuous video-tape recordings using a time-lapse system for 4 days post-stone implantation, with ultrared light for filming during the dark phase. Over the whole study period the rats were housed one per cage (plexiglass 35 x 23 x 18 cm) in a temperature / humidity-controlled environment, subjected to a 12:12 h dark-light cycle (8:00 a.m.-- 8:00 p.m. artificial light), with free access to food and water \[[@pone.0141477.ref029]\]. The video-tape recording was interrupted for 30 min each morning (9:00--9:30) to allow sensitivity testing of the left oblique muscle and weighing of the animals from the 1^st^ day post-muscle implantation to the 4^th^ day post-stone formation, as well as administration of the experimental compounds during the treatment phase. The video-recording was also briefly interrupted at 07:30 p.m. for the evening drug administration during treatment. Tests and drug administration were delivered by an experimenter blind to treatment allocation of the animals (the product preparation was performed by a different experimenter).

On the 4^th^ day after stone implantation all rats were killed via an overdose of pentobarbital and an autopsy was performed to examine the urinary tract condition.

The spontaneous behaviour presented by stone-rats was analyzed upon reading of the video-tape recordings according to a standardized technique. The typical behaviour, as standardized and exactly described in previous papers as it is here \[[@pone.0141477.ref022],[@pone.0141477.ref029]\], consists of multiple "ureteral pain crises", i.e., a sequence of at least 3 out of 6 possible pain behaviours within a period of minimum 2 min. The six possible behaviours include: (i) hump-backed position, (ii) licking of the lower abdomen (and/or left flank), (iii) contraction of the left oblique musculature with inward moving of the ipsilateral hindlimb, iv) stretching of the body with raised abdomen, v) squashing of the lower abdomen against the floor, vi) supine position with left hindlimb adducted and compressed against the abdomen. Complexity of a crisis is evaluated on a 1--4 point arbitrary scale, based on the number of behaviours: a sequence of 3 behaviours is scored 1, sequences of 4, 5 or 6 behaviours are scored 2,3 or 4, respectively. For each rat, the video-tape was read by an experimenter blind to the kind of treatment, to count and classify the crises \[[@pone.0141477.ref022]\].

### Assessment of vocalization thresholds to muscle stimulation {#sec011}

Vocalization thresholds were measured every day for 3 days before and 4 days after ureteral stone implantation, always at the same hour. The rat was placed in a single cage, allowed to move freely inside it, and the electrical stimuli were delivered through the connectors fixed on the skull. A constant-current stimulator was used. Stimuli consisted of 250 ms trains of 1 ms square wave impulses (frequency 200/s), delivered automatically every 2 s. Vocalization thresholds were measured according to the methods of the limits. The intensity was increased in 0.3 steps until vocalization occurred, then decreased in 0.1 mA steps until is disappeared and then re-increased at the latter rate until vocalization returned, and the corresponding values were noted in mA. The threshold was calculated as the mean of these values \[[@pone.0141477.ref026]\].

The use of different anaesthetic procedures in the different types of experiments performed in this study, namely, in vitro gene expression profiling, ex vivo organ bath assays and in vivo rat studies, is due to the long-term experience in all these different experimental approaches. Anaesthesia procedures were optimized to guarantee valid measurements of each parameter in these different experiments and make them comparable to previous studies.

Statistical analysis {#sec012}
--------------------

For the *in vitro* and organ bath experiments statistical significance was determined by paired and unpaired Student's t-tests with P\< 0.05 considered to indicate significance.

For the *in vivo* experiments, the number of 18 animals per group was determined from a statistical evaluation based on the characteristics of the behavioural parameters of the model, i.e., for a statistical power of 90% to detect a difference versus placebo and among active treatments, with P\<0.01 to indicate significance.

In each rat:

1.  number, global duration (sum of duration of all crises) and mean complexity of crises over the 4-day post-stone-implantation period were calculated;

2.  muscle threshold of each post-operative day was calculated as a percentage of the pre-operative reference threshold (mean of values recorded on days -2, -1 and 0).

For each group of experimental rats, Means ± Standard Deviation (SD) were calculated of:

1.  number, global duration and mean complexity of crises for the 4-day post-stone intervention period;

2.  muscle thresholds for each evaluation day.

One-way ANOVA and ANOVA for repeated measures (in the case of thresholds) were applied to assess the effects of the various treatments on the different behavioural parameters. Post-hoc tests were applied when appropriate. The percentage of stone expulsion among groups was compared using the Fischer's exact test.

Ethical issues {#sec013}
--------------

The experimental protocol was approved by the Animal Use and Care Committee of the G. D'Annunzio University of Chieti and the Italian Health Ministry, section on Animal Experments (n.159/2008.B) and adhered to the guidelines established by the European Union for experimental procedures in laboratory animals. The study complies with the ARRIVE guidelines for research involving animals \[[@pone.0141477.ref035]\].

Rats were studied for the minimum period necessary to verify the effects of the drugs administered (4 days, based on previous work) and were killed at the end of the observation period via an overdose of barbiturate. It was part of the experimental design that rats presenting any sign of unnecessary suffering in the course of the observation period (such as abnormal weight loss) should be excluded from the study and sacrificed immediately \[[@pone.0141477.ref036]\].

Results {#sec014}
=======

PDE5 mRNA expression {#sec015}
--------------------

PDE5 mRNA expression was quantified with RT-PCR in corpus cavernosum and in ureters of both sexes. PDE5 mRNA was abundantly expressed in the ureter of both sexes on a similar range as in corpus cavernosum. The expression tended to be slightly higher in the female ureter ([Fig 1](#pone.0141477.g001){ref-type="fig"}), without, however, reaching statistical significance. This substantial and not sex-specific expression in rat ureter suggests a functional impact of PDE5 in males and females.

![PDE-5 mRNA expression in corpus cavernosum and ureter.\
Relative PDE-5 mRNA expression in the corpus cavernosum and male and female ureter in rats. Data are mean ± SD, n = 10.](pone.0141477.g001){#pone.0141477.g001}

Ureteral contractility studies {#sec016}
------------------------------

Representative original recordings of force from isolated rat ureters are shown in [Fig 2](#pone.0141477.g002){ref-type="fig"}. High potassium (20mM) induced spontaneous phasic contractions. When noradrenaline (10μM) was added, the preparations became spontaneously active. Addition of the vehicle was not able to reduce noradrenaline-induced spontaneous activity ([Fig 2](#pone.0141477.g002){ref-type="fig"}, upper panel). The application of vardenafil (10μM) reduced the frequency of the oscillations ([Fig 2](#pone.0141477.g002){ref-type="fig"}, lower panel).

![Contractility of isolated ureters.\
Noradrenaline (10μM)---induced oscillations of isolated rat ureter (upper panel) which can be blocked by vardenafil (10μM) (lower panel).](pone.0141477.g002){#pone.0141477.g002}

The application of the sGC stimulator BAY 41--2272 (10μM) also reduced the frequency of noradrenaline-induced oscillations of rat ureters. The results with the PDE5 inhibitor vardenafil and the sGC stimulator BAY 41--2272 on ureteral contractility are summarized in [Fig 3](#pone.0141477.g003){ref-type="fig"} ([S1 File](#pone.0141477.s001){ref-type="supplementary-material"}). Both vardenafil and BAY 41--2272 caused a concentration-dependent and significant reduction of spontaneous oscillations when compared to the vehicle group. The efficacy of vardenafil and the sGC stimulator BAY 41--2272 were in a similar range and not significantly different at 1 and 10μM.

![Contractility of isolated ureters.\
Effects of the PDE5 inhibitor vardenafil and the sGC stimulator BAY 41--2272 on noradrenaline-induced oscillations of isolated rat ureter compared to vehicle. Data are presented as Mean ± SD, n = 4--8; \*p\<0.05 vs. vehicle ([S1 File](#pone.0141477.s001){ref-type="supplementary-material"}).](pone.0141477.g003){#pone.0141477.g003}

Behavioural study {#sec017}
-----------------

### Ureteral crises {#sec018}

The parameters of the crises are reported in Figs [4](#pone.0141477.g004){ref-type="fig"}--[6](#pone.0141477.g006){ref-type="fig"} ([S2 File](#pone.0141477.s002){ref-type="supplementary-material"}). All experimental compounds significantly reduced the number and global duration of the crises. Among the three spasmolytics administered alone, the compound producing the highest level of reduction was BAY 41--2272, while the combination of ketoprofen with BAY 41--2272 determined the highest effect in absolute, although none of these differences among compounds was significant. The complexity of the crises underwent less pronounced changes with treatment, none of which was significant.

![Ureteral pain behaviour.\
Number of crises over 4 days after stone implantation in the various experimental groups (18 rats per group; Means ± SD). 1-way ANOVA: significant trend; asterisks over SD bars refer to comparison between each experimental group and the placebo group. \* = p\<0.01 ([S2 File](#pone.0141477.s002){ref-type="supplementary-material"}).](pone.0141477.g004){#pone.0141477.g004}

![Ureteral pain behaviour.\
Global duration of crises. Legend as for [Fig 4](#pone.0141477.g004){ref-type="fig"} ([S2 File](#pone.0141477.s002){ref-type="supplementary-material"}).](pone.0141477.g005){#pone.0141477.g005}

![Ureteral pain behaviour.\
Mean complexity of crises. Legend as for [Fig 4](#pone.0141477.g004){ref-type="fig"} ([S2 File](#pone.0141477.s002){ref-type="supplementary-material"}).](pone.0141477.g006){#pone.0141477.g006}

### Muscle sensitivity {#sec019}

The results of vocalization thresholds to electrical stimulation of the left oblique muscle are reported in [Fig 7](#pone.0141477.g007){ref-type="fig"} ([S3 File](#pone.0141477.s003){ref-type="supplementary-material"}). All experimental compounds significantly reduced the post-stone vocalization threshold decrease (muscle hyperalgesia). The spasmolytic producing the highest reduction of muscle hyperalgesia, when administered alone, was BAY 41--2272; it was less effective than ketoprofen alone on day 1, but more effective than ketoprofen on day 2. The most pronounced hyperalgesia reduction in the combination regimens was observed with ketoprofen plus BAY 41--2272.

![Muscle hyperalgesia.\
Vocalization thresholds to electrical stimulation in the various experimental groups. Thresholds over 4 days post-stone implantation (+1,+2,+3 and +4) are expressed as a percentage of pre-operative values (Basis = mean of thresholds on days: -2,-1 and 0 = 100%)(18 rats per group, Means ± SD). ANOVA for repeated measures: significant trend; in each group, asterisks over SD bars refer to the comparison between values of each day and basal values. \* p\<0.01 ([S3 File](#pone.0141477.s003){ref-type="supplementary-material"}).](pone.0141477.g007){#pone.0141477.g007}

Autopsy findings {#sec020}
----------------

[Table 1](#pone.0141477.t001){ref-type="table"} summarizes the percentage of stone elimination at autopsy in each experimental group of rats. Except vardenafil alone, all experimental compounds promoted a higher stone elimination with respect to placebo, with a two-fold increase by BAY 41--2272 alone (similarly to ketoprofen, and higher than hyoscine-N-butylbromide) and a three-fold increase by ketoprofen + BAY 41--2272. The differences among groups did not, however, reach statistical significance with the relatively small sample sizes.

10.1371/journal.pone.0141477.t001

###### Stone elimination.

![](pone.0141477.t001){#pone.0141477.t001g}

  Experimental group            Number and % of rats
  ----------------------------- ----------------------
  Placebo                       2 rats (11%)
  Ketoprofen                    5 rats (28%)
  Hyoscine-N-butylbromide       3 rats (22%)
  Vardenafil                    2 rats (11%)
  BAY 41--2272                  4 rats (22%)
  K + Hyoscine-N-butylbromide   5 rats (33%)
  K + Vardenafil                3 rats (17%)
  K + BAY 41--2272              7 rats (39%)

Percentage of stone elimination in the experimental groups (18 rats each)

Discussion and Conclusions {#sec021}
==========================

The results of the present study show that PDE5 mRNA is abundantly expressed in the ureter of male and female rats and expression levels in ureteral tissues are as high as in corpus cavernosum in which PDE5 plays a significant functional role. These data reconfirm previous work showing PDE5 expression in the ureter of other species \[[@pone.0141477.ref019],[@pone.0141477.ref020]\]. In addition, it has been shown in previous studies in the rat, that nitric oxide synthase (NOS)-containing nerves are present in the mucosal stroma, that these nerves are encircling small arteries of the urethra and are also found at the border of the smooth muscle layers and in close proximity to the urothelium \[[@pone.0141477.ref037]\]. Moreover, also a significant guanylate cyclase activity was detected in rat ureteral tissue \[[@pone.0141477.ref038]\]. Expression of the soluble guanylate cyclase was found in the smooth muscle and urothelium layer and expression of PDE5 in the smooth muscle only \[[@pone.0141477.ref039]\]. All together, these descriptive data demonstrated that the NO/cGMP/PDE5 system is present in ureteral tissues of different species and pointed towards a functional role of this common pathway. Therefore, we performed functional contractility studies of isolated ureteral tissues. In the organ bath-assay *in vitro* we demonstrated that the PDE5 inhibitor vardenafil, but also the sGC stimulator BAY 41--2272, significantly and dose-dependently reduced noradrenaline-induced spontaneous oscillations of isolated rat ureter. These data are in line with the recently published data of Kedia et al (2013), Liatsikos et al (2013), and Miyaoka et al (2014)\[[@pone.0141477.ref039],[@pone.0141477.ref040],[@pone.0141477.ref041]\], showing a significant and concentration-dependent relaxation in human ureteral tissue with the NO-donnor sodiumnitroprusside (SNP), the PDE5 inhibitors vardenafil and sildenafil \[[@pone.0141477.ref040],[@pone.0141477.ref041]\] and the sGC stimulator BAY 41--2272 \[[@pone.0141477.ref039]\]. In human ureteral tissue, the relaxing effects of vardenafil were also accompanied by cGMP increase, which suggests a cGMP-driven mode of action \[[@pone.0141477.ref041]\]. In our studies, the efficacy of both vardenafil and BAY 41--2272 on ureteral contractility were in a similar range and significant over placebo at 10μM, which is also in line with the previous data \[[@pone.0141477.ref039],[@pone.0141477.ref041]\]. Since the organ bath experiments are done in healthy tissue, this may not allow discrimination between the different mechanisms. However, these data in rat and human tissue strongly suggest that the NO/cGMP pathway is expressed in ureteral tissues throughout species and plays a functional role in the regulation of the ureteral tone. Despite these *in vitro* effects, however, to the best of our knowledge no *in vivo* studies have so far been published to confirm the *in vivo* relevance of these observations. Thus, we wanted to investigate if the ureteral expression of the NO/cGMP pathway and the relaxing effects of PDE5 inhibitors and sGC stimulators translate into a meaningful benefit *in vivo*. Therefore, we tested if the treatment with vardenafil and BAY 41--2272 has an impact on the ureteral pain behaviour/referred muscle hyperalgesia and on stone expulsion in an animal model of ureteral calculosis. Both vardenafil and BAY 41--2272 administered alone significantly reduced behavioural indicators of colic pain and referred muscle hyperalgesia with respect to placebo. This result confirms the impact of ureteral hypercontractility in the genesis of urinary colic pain from calculosis. Although none of the inter-treatment comparisons were statistically significant, numerical trends were found in the extent of reduction of pain behaviour with the various compounds. BAY 41--2272 had more pronounced effects than vardenafil and the classic spasmolytic hyposcine-N-butylbromide. Furthermore, the combination of BAY 41--2272 with ketoprofen produced the highest reduction of the behaviour, in parallel with the highest percentage of stone expulsion, which suggests that the anti-inflammatory and spasmolytic effects combine to promote stone progression along the ureter.

Our *in vivo* data extend previous *in vitro* findings from organ bath experiments in which cGMP increase via PDE5 inhibitors and sGC stimulators was able to relax ureteral tone. Moreover, our data suggest for the first time *in vivo* that PDE5 inhibitors and sGC stimulators alone but especially in combination with NSAIDs facilitate stone expulsion and reduce colic pain. However, despite the observed trends, future studies with potentially increased sample sizes would be indicated in order for final conclusions to be drawn on the promotion of stone expulsion.

It might also be interesting to investigate in future studies how cGMP effects in such kinds of *in vivo* models compare with effects of alpha1 antagonists, which are already in use clinically for stone expulsion \[[@pone.0141477.ref012]\]. This is also interesting since it has been found that alpha blockers fasten stone expulsion but have little effect on overall expulsion rate. Therefore it would be worthwhile investigating if cGMP mediated treatment approaches are here different.

In conclusion, the present results show that the NO/cGMP/PDE5 pathway is involved in the regulation of ureteral contractility and stone expulsion in urinary calculosis. PDE5 inhibitors and especially sGC stimulators, also in combination with a classic NSAID, could become a potent new treatment option, to reduce colic pain related to urinary calculosis.
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cGMP

:   cyclic guanosine monophosphate

ESWL

:   extracorporeal shock wave lithotripsy

NO

:   Nitric Oxide

PDE5

:   phosphodiesterase type 5

sGC

:   soluble guanylate cyclase
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